ABSTRACT: Photo-switching the physical properties of molecular systems opens large possibilities for driving materials far from equilibrium toward new states. Moreover, ultra-short pulses of light make it possible to induce and to record photo-switching on a very short timescale, opening the way to fascinating new functionalities. Among molecular materials, Fe(II) complexes exhibit an ultrafast spin-state transition during which the spin state of the complex switches from a low spin state (LS, S=0) to a high spin state (HS, S=2). The latter process is remarkable: it takes place within ~100 fs with a quantum efficiency of ~100%. Moreover, the spin state switching induces an important shift of the broad metal to ligand absorption band of the complex and it results in large modifications of the physical and chemical properties of the compounds. But, because most of the Fe(II) complexes crystallize in centrosymmetric space groups, this prevents them from exhibiting piezoelectric, ferroelectric as well as second-order nonlinear optical properties such as second harmonic generation (SHG). This considerably limits their potential applications. We have recently synthesized [Fe(phen) 3 ] [Δ-As 2 (tartrate) 2 ] chiral complexes that crystallize in a noncentrosymmetric 32 space group. Hereafter, upon the excitation of a thin film of these complexes by a femtosecond laser pulse and performing simultaneously transient absorption (TRA) and time-resolved SHG (TRSH) measurements, we have recorded the ultrafast LS to HS switching. Whereas a single TRA measurement only gives partial information, we demonstrate that TRSH readily reveals the different mechanisms in play during the HS to LS state relaxation. Moreover, a simple model makes it possible to evaluate the relaxation times as well as the hyperpolarizabilities of the different excited states through which the system travels during the spin-state transition.
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Researches devoted to materials with dedicated properties that can be easily synthesized on a large scale have always attracted much attention. More recently, the possibility to photo-switch their properties far from equilibrium toward new states has further expanded the possibilities of applications of such materials. Along this line, organic materials are of particular interest beacause they can be easily synthesized by "wet" chemistry using a large variety of organic molecules. 1 Because the presence of metal to ligand charge transfer (MLCT) or ligand to metal charge transfer (LMCT) transitions, organo-metallic and coordination metal complexes represent an original and growing class of molecular materials. 2 These complexes offer many prospects for magnetic, electric or chemical sensors. [3] [4] [5] [6] Moreover, these materials enable low-cost production on various substrates. 7, 8 The addition of switchability has further triggered interest in their applications in very different technologies. 9, 10 Photo-switching of the linear optical properties of these complexes can be induced by many means. [11] [12] [13] [14] [15] [16] The switching can be ultrafast if one photo-switches the ligand or the spin state of the metallic ion. The spin state photo-switching of Fe(II) ions from low spin (LS) S=0 to high spin (HS) S=2 is of particular interest since it is remarkably fast (~100 fs) and exhibits a quantum efficiency near unity. [17] [18] [19] [20] [21] [22] [23] [24] Moreover, because an important list of proteins have Fe(II) centers in their active sites, the study of the photoswitching of iron(II) is also of crucial importance in life sciences. [25] [26] [27] [28] The mechanism giving rise to this ultrafast switching in Fe(II) complexes is still the subject of debate. To address this issue, ultrafast photo-switching of the spin state of some Fe(II) complexes has been recorded by performing transient absorption measurement or transient X-ray diffraction both in solution and for bulk materials. [17] [18] [19] [20] [21] [22] [23] [24] [29] [30] [31] As we already mentioned, the photo-switching naturally results in a change of the linear optical properties of complexes. But it should also impact nonlinear optical properties. However, to the best of our knowledge, no experiment has been reported so far on ultrafast photo-switching of the nonlinear optical (NLO) properties of coordination complexes.
In this context, it should be stressed that most complexes usually crystallize in centrosymmetric space groups, which prevents them from exhibiting properties such as piezoelectricity, ferroelectricity, as well as second-order optical properties such as electro-optical effect, secondharmonic (SH) as well as sum-frequency generation. The absence of these properties limits considerably their potential application in nonlinear optics. We recently synthesized chiral compounds based on [Fe(phen) 3 ] 2+ complexes that are stabilized by adding different chiral counter-ions. 32 The addition of chiral counter-ions prevents them crystallizing in centrosymmetric space groups. Consequently, we showed that these crystals, belonging to the 32 symmetry class, exhibit a sensible second order optical coefficient . 33 The noticeable MLCT absorption band of these crystals, centered at 500 nm, indicates Fe(II) is in the LS state and the crystals remain in this spin state at high temperatures. Since we previously showed that, for [Fe(phen) 3 ] 2+ in solution ultrafast photoswitching of the spin state can be recorded, 34, 35 one could wonder if the same photo-switching could be recorded by exciting those noncentrosymmetric crystals with femtosecond pulses. We demonstrate hereafter that this is indeed the case. We show that the spin state photo-switching results in a modulation of the second-order NLO properties of these crystals. We also show that time-resolved second-harmonic (TRSH) experiments make it possible to readily record and reveal the kinetic of the the ultrafast photo-switching of Fe(II) spin state from the LS state to the HS state. We also propose a simple model that accounts for our experimental data. Finally, we demonstrate that the TRSH experiment along with conventional time-resolved absorption (TRA) measurements make it possible to evaluate the second-order nonlinear optical properties of the excited state involved in the spin state photo-switching.
Experimental results:
The first TRA experiment was performed dissolving [Fe(2-CH 3 -phen) 3 was chosen centered about 540 nm which is also within the broad absorption band of the sample in the LS state of Fe(II). 36 In agreement with our previous study, Fig We performed the same experiment on crystallites of [Fe(phen) 3 ](-As 2 (tartrate) 2 ] by dropcasting a droplet of a saturated solution on a microscope cover glass. We showed previously that the as-prepared crystallites make it possible to record SH. 33 The evolution of the TRA measurement performed on this sample is presented in Fig. 2a . Upon excitation, one can notice that the optical density of the sample rapidly decreases, then reaches a small plateau which relaxes in ~50±5 ps, and finally slowly relaxes back towards its initial state with a constant time  R ~0.9±0.1 ns. We also measured the evolution of the maximal change of the optical density versus the pump intensity and found it was linear ( Fig. 2b ). Let us mention that, when excited by a 6 µJ pump pulse, the induced change of the optical density of our sample is 3.0±0.3%. We then performed the TRSH measurements. The central wavelength of the pump pulse was kept at 480 nm and the central wavelength of the probe pulse was fixed at 1060 nm. The evolution of the SH signal upon excitation is presented in Fig. 3 . One can notice that upon excitation the SH signal rapidly decreases. Just after excitation it rapidly recovers 80 % and 91 % of its initial value after ~5 ps and ~50 ps, respectively and then more slowly relaxes. We have also recorded the evolution of the amplitude of the TRSH signal at its minimum versus the pump and probe intensities. While the temporal shape remains similar, the amplitude of the signal was found to evolve linearly with respect to the pump intensity ( Fig. 4a ). Similarly, we found that the amplitude of the SH signal evolves like the square of the probe intensity ( Fig. 4b ). When the 
Figure 4: (a) Evolution of the second-harmonic signal at its minimum versus the pump intensity. Dots and the solid line are experimental data and a linear fit, respectively. The inset presents the evolution of the SH signal versus the pump-probe delay for different pump intensities. (b)
Evolution of the amplitude of the second-harmonic signal at its minimum versus the probe intensity. The inset presents the evolution of the square root of this signal. Dots and solid lines are respectively experimental data and quadratic fits of these data.
Model for TRSH experiment
To model the TRSH measurements, we considered that the intensity of the SH signal generated by the probe pulse writes:
, (1) where L, N T , and I() are the local field factor, number of chiral Fe(II) complexes per unit volume, the hyperpolarizability of the complexes at frequency , and the intensity of the probe pulse, respectively 37 and〈 〉 denotes an angular average with respect to the randomly oriented crystallites of the sample. 38 Hereafter, we will denote the effective hyperpolarizability corresponding to the averaged hyperpolarizability corrected from the local field factor L. To account for the evolution of the SH signal upon excitation, we have to consider that the second order optical hyperpolarizability of the complexes depends on the excited state in which the Fe(II) complexes are set upon excitation. Accordingly, the SH signal upon excitation of the sample writes:
,
where  N i () and are the time delay between the pump and the probe pulse, the population, and the effective hyperpolarizability of the i th excited staterespectively. Prior to its excitation, the sample is suppose to be in its fundamental state i=0. One should notice that N T = . Thus, prior to excitation, we have N i =0 for i>0 and N i=0 =N T and Eq. 
where . If, as observed in our experiment, the change in the SH signal is small, then a Taylor expansion of Eq. (3) yields:
Our experimental set-up records the difference in the SH signal with and without the pump beam, hence, the TRSH signal writes:
In agreement with our experimental results, the latter expression stresses that the TRSH signal evolves linearly with respect to the population of the excited states N i () and quadratically with respect to the probe intensity. Furthermore, for a given probe intensity, the ratio of Eq. (4) and (1) 
a. TRA experiment of the complexes in solution and in the bulk
It has been previously shown that upon excitation of the MLCT absorption band the spin state of the Fe(II) complexes switches very rapidly from S=0 to S=2 with a high quantum yield near unity. [17] [18] [19] [20] [21] [22] [23] [24] Once in their excited high spin state and within a few picoseconds, the complexes relax towards a non-vibrationally excited HS state. Afterwards, and on a longer time scale, they relax back towards their fundamental LS state. All these relaxation processes are non-radiating and the relaxation scheme accepted so far is depicted in Fig. 5a .
Figure 5: Schematic representation of photo-switching pathway for complexes a) in solution and b) in the bulk state.
Accordingly, we have fitted the experimental data by optimizing through a  (2) minimizing process a set of initial parameters used to numerically integrate the following set of differential equations for the fractional populations P i =N i /N T of the different excited states (solid lines in Fig. 1 and Fig. 2 ). , , , where I p0 , t 0 and  p are the intensity, the peak position of a Gaussian shaped pulse and the duration of the pump pulse, respectively. This set of partial differential equations is supplemented with the following boundary conditions: for t=0, P 0 =1, P 1 =P 2 =P 3 =0 with P 0 +P 1 +P 2 +P 3 =1. As already mentioned, for the probe wavelength used to record our data, the TRA is mainly sensitive to the evolution of the population of the complexes in their fundamental state. We were able to fit the TRA data presented in Fig. 1 considering  p = 1 = 2 =400±50 fs and  3 =1.0±0.1 ns. The latter is related to the relaxation of the vibrationally cooled high spin state. 36 Note that  p is larger than the actual pump pulse duration ( pu~8 0 fs). This discrepancy is due to the so-called "windowing" effect which is induced by the small angle between the two weakly focused pump and probe pulses. Accordingly, hereafter, we will consider that our instrumental response function limited by this effect is ~400 fs. It is also worth mentioning that in order to retrieve the contribution of the two other time constants (i.e.  1~3 00 fs and  2~8 .6 ps) we have shown in a previous work, we had to perform the TRA experiment keeping the same excitation wavelength but setting the central wavelength of the probe pulse around absorption bands of the excited states. 35 To improve the fit of the data presented in Fig. 2 , besides  p = 1 =400±50 fs, we had to consider two time constants  2 =50±5 ps and  3 =900±100 ps. The optimum fit of the data with and without the introduction of the constant  2 is displayed in the supplementary material S1. Note the time constant  2 is larger than  2 we found for the complexes in solution.
b. TRSH experiments of the complexes in bulk
According to Eq. (4) and the relaxation scheme of the complexes in solution (Fig. 5a ), the temporal evolution of the TRSH signal depends on the evolution of the population N 1 , N 2 and N 3 in the different excited states. Hence, one should expect to be able to fit the experimental data using the relaxation time constant hereafter labelled determined to fit the TRA experiment. In fact, to account for the abrupt rapid drop of the SH signal just after excitation of the sample, besides the three time constants =400±20 fs, =45±3 ps and =800±100 ps, we had to introduce another relaxation time constant =5.0±0.4 ps. The impact of the introduction of the different sets of time constants in the fit of the experimental data is presented in the supplementary material S3. One will clearly notice that at least three time constants are required to properly fit our experimental data. The introduction of the relaxation time constant makes it possible to recover more closely the evolution of the TRSHG signal at the early stage of the relaxation. The value of the time constant is close to the value found in solution for vibrational cooling of the complexes in the HS state. 24 Therefore, it is likely associated to the relaxation of the vibrationally excited state with a spin state S=2. Hence, to account for the constant time , one has to add a new excited state labeled hereafter whose energy level is in between the state N 2 and N 3 . It is the latter excited state which relaxes with the constant =45±3 ps. As a consequence, the relaxation process for the complexes in the bulk state is depicted by Fig. 5b instead of Fig. 5a . It means that, neglecting the contribution of any other relaxation process, one has to supplement our sequential relaxation of the fractional population with an additional differential equation:
, , ,
, Accordingly, adjusting the parameters in front of the population of the excited states, and using this set of time constants , , and partly determined by the TRA experiment, we were able to nicely reproduce of TRSH data (Fig 3, solid red Hence, according to Eq. (5), knowing the relative variation of the SH signal R(2, ), the relative variation of the population within the excited state P i (t), one is able to evaluate the hyperpolarizability of the different excited states. According to Eq. (5) the later writes:
, where R i (2) is the relative variation of the SHG signal of the i th excited state. Since, for a given pump intensity, thanks to the very high quantum yields of the spin state transition in Fe(II) complexes which, hereafter, is considered to be ~100%, the TRA and TRSH experiments make it possible to evaluate P i and R i (2), one is then able to evaluate the ratio . Since we already estimated , 33 we can evaluate the optical susceptibility of the crystal in the different excited states ( ). The results of our computations are detailed in Table 2. 6.5 ± 0.5 10 -12 m.V -1 1.0± 0.5 10 -12 m.V -1
2.0 ± 0.5 10 -12 m.V -1 6.0 ± 0.5 10 -12 m.V -1 Table 12 : Second-order optical susceptibilities of the Fe(II) complexes in their different excited states.
Discussion
The large susceptibility of our crystalline sample in its fundamental state is mainly related to a resonant enhancement of the second-order optical susceptibility of this compound at 540 nm which is associated to the MLCT absorption band. 33 When the complexes are brought in the MLCT excited states, the second-order susceptibility of the micro-crystallites drops abruptly to about 1 pm.V -1 . The latter value is about the value we measured for this sample when the excitation is out of resonance with the MLCT absorption band. 33 Once in the high spin state (S=2), the second-order optical susceptibility of the complex increases to ~2 pm.V -1 and ~6 pm.V -1 in its vibrationally and non-vibrationally excited state, respectively. These large values likely indicate that, once in their HS state, the hyperpolarizability of the complexes is also resonantly enhancement due to the presence of a 5 T 2 to 5 E or 5 MLCT absorption bands. 36 While most of the time constant associated to the relaxation of the excited LS state, vibrationally excited and vibrationally cooled HS state we used to fit our TRSH and TRA agree well with the literature, one may question about the origin of the state N * 3 whose time constant is  3~5 0 ps. It should be noted that the latter cannot be associated with vibrational cooling of the complexes which usually lasts less than 10 ps. To account for this state, we propose the following process. Upon LS to HS switching, there is a change of volume of the complexes associated to the change in the Fe-N bond distance. This change of volume induces a local stress within the crystallites. Hence, as cartooned in Fig.5b we propose that N * 3 is related to a vibrationnally cooled high spin state in a locally stressed environment. The latter relaxes with a time constant  3 associated with the release of the photo-induced stress through the propagation of an acoustic wave at the speed of sound v s in the micro crystallites of characteristic size L. A rough estimate of this constant time  3~L /2v s~4 1 to 150 ps where v s~3 to 6 10 3 m.s -1 and L~0.9 to 0.5 µm is in good agreement with our data. As suggested by one of our reviewer, it should be noted that this photo-induced stress probably also affects the complexes remaining in the LS state in the close neighborhood of the excited complexes. Hence, the hyperpolarizability of both photo-excited complexes and the neighboring complexes remaining in the LS should be affected. The impact of the latter can be accounted considering that upon excitation the local field factor L (see Eq. (1)) is modified. Note the picture we just have drawn is based on the assumption we made which consists in considering that no other mechanism triggered by the pump pulse, and described by the set of differential equations we used, is taking place. Further experiments performed probing both TRA and TRSH at other wavelengths will help to confirm this assumption.
Conclusions and prospects
We have performed ultrafast photo-switching of the nonlinear optical properties of chiral SCO materials. The modulation of the second-order optical nonlinear properties takes place on an ultrashort time scale. We have shown that, upon excitation, the amplitude of the modulation is large. Moreover, we have shown that the material we study recovers its initial properties on a relatively short time scale. In fact, this study opens interesting possibilities we would like to explore in near future such as studying the photo-switching properties of few layers of SCO compounds or the modification of the circular dichroism of these compounds upon excitation.
The TRSH technique we have proposed should also make it possible to reveal and follow modification of the crystalline structure upon excitation in different SCO materials as well as many others such as cyanide-bridged bimetallic assemblies or insulating-metal charge-transfer systems and photochromic materials. Finally, it is worth mentioning that upon excitation all the nonlinear optical properties of the material, such as the third-order optical nonlinear optical properties, should be also affected, works along this line being in progress in our university.
Experimental methods a. Sample preparation
Small crystallites of [Fe(2-CH 3 -phen) 3 ](BF 4 ) 2 (2-CH 3 -phen =2-methyl-1,10-phenanthroline) complexes were dissolved in acetonitrile (0.1 mg/ml). The synthesis of enantiomeric crystals of [Fe(phen) 3 ](As 2 (tartrate) 2 ) was reported previously. 32 The sample we studied was prepared dissolving in N,N'-Dimethylformamide micro-crystallites of the compounds (10-15 mg/mL).
Droplets of the solution (410 uL) were drop-cast on a microscope cover glass and dried under rough vacuum for a couple hours until perfectly dry. The as prepared dried thin film comprises small crystallites likely sub-micrometric in size randomly dispersed over the cover glass.
b. Optical set-up:
The experimental set-up is depicted in Fig. 6 . Thorlabs DET36A2) whose output was connected to a lock-in amplifier (Stanford Research Instrument SR830) synchronized with the mechanical chopper. For TRSH, the SH signal generated within the sample was sent through a dichroic filter which transmitted the SH signal and blocked the fundamental probe spectrum (output of OPA 2). The transmitted SH signal was focused on the entrance slit of a monochromator whose output was detected by a photomultiplier tube (PMT). The latter electric signal was injected in the lock-in amplifier whose output was recorded versus pump-probe time delay . The authors declare no competing financial interests.
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